Introduction
According to the Intergovernmental Panel on Climate Change (IPCC) reports (Solomon et al. 2007; Boucher and Randall 2013) , aerosols are one of the major climate forcing agents, they do so in two major pathways. Firstly, by directly interacting with solar radiation (Charlson et al. 1992; Liao and Seinfeld 1998; Myhre et al. 2009 ) and indirectly by altering the optical or radiative properties of clouds (Charlson et al. 1992; Haywood and Boucher 2000; Lohmann and Feichter 2005; O'Donnell et al. 2011; Gettelman et al. 2012) . The latter pathway is referred to as the aerosol indirect effect (AIE) and is the subject of this paper. There is also the semi-direct effect, which is caused by absorbing aerosols (Lohmann and Feichter 2001; Johnson et al. 2004 ). These absorbing aerosols have a heating effect in the atmosphere, which may subsequently cause the evaporation of cloud particles (Johnson 2003; Hill and Dobbie 2008; Koch and Genio 2010) .
Inorder to investigate the effects of the aerosols on a global scale, the use of General Circulation Models (GCMs) is required (Lohmann et al. 2007 ). However, these AIEs are affected by sub-grid scale microphysical processes, which are too small to resolve in coarse resolution GCMs (McComiskey and Feingold 2012) . Therefore, to circumvent this challenge, aerosol-cloud microphysical processes have to be incorporated into GCMs by way of parameterizations (Menon et al. 2002a; Lohmann and Feichter 2005; Gettelman et al. 2012) . These parameterizations, are developed from the use of higher resolution models, such as the Cloud System Resolving Models (CSRMs) (Phillips et al. 2009; Morrison and Grabowski 2011) .
In-order to rigorously investigate and evaluate the most critical effects of aerosols on radiation via the clouds by numerical techniques, it is essential that the numerical model being used is able to resolve the relevant microphysical and dynamical cloud processes at the temporal and spatial scales that are pertinent to real clouds. Hence, the version of the numerical model used in this study is an aerosol-cloud model coupled to the Weather Research and Forecasting (WRF) model. The previous version of this model is described in Phillips et al. (2007 Phillips et al. ( , 2009 . It † was a bulk-microphysics model, which included double-moment microphysics in cloud and a single-moment in precipitation processes. The empirical parameterization for heterogeneous ice nucleation of Phillips et al. (2009) ice crystals by about 100 % (mostly due to the intensification of both heterogeneous ice nucleation and homogeneous freezing of supercooled cloud droplets) and also at least doubled the cloud droplet concentrations mostly due to the CCN activity of extra insoluble organic particles. Also, the mean sizes of these particles were found to diminish as a result of increased competition for available vapour from extra cloud and ice particles. However, this previous version has since been transformed into a hybrid bin/bulk microphysics scheme, enabling the model to resolve essential aerosol-cloud interaction processes explicitly, while other ancillary processes were treated implicitly in-order to reduce the model's computational expense. Double-moment schemes have proved to be superior over single moment schemes in terms of accuracy, especially in simulating precipitation in deep convective cells (Lim and Hong 2010) . Due to the prediction of extra terms in doublemoment schemes, their computational expense is amplified, hence, curtailing their use in real time weather forecasting and climate prediction models; however, they provide a more accurate understanding especially of cloud and precipitation processes. This is the scope within which the double-moment bulk microphysics scheme presented here was developed.
The following modifications were applied to the aerosol-cloud model, importantly to improve its performance particularly on the treatment of cloud processes that are crucial in addressing aerosolcloud interactions. The sulphate aerosol group was dualised by splitting the two modes of sulphate aerosols (the fine and the accumulation modes) and treating them as two independent aerosol species. This development was meant to improve the treatment and budgeting of aerosols especially in the activation of cloud droplets and nucleation of ice crystals. In addition to this dualisation of the sulphate aerosol species, a two-moment treatment was also incorporated for the same aerosol group. This enables a more accurate prediction of their mean sizes (which are important in the nucleation process cloud droplets and cloud ice) rather than prescribing them apriori. This special treatment was coded only for sulphate aerosols because of their dominance in the atmosphere in terms of number concentrations and their superior influence as CCN over other aerosol species.
Emulated bin-microphysics, or the explicit integration of microphysics processes has also been implemented to all coagulation processes (e.g., riming, aggregation and accretion).
This explicit microphysics of coagulation processes provides a more accurate approach for treating the interaction of cloud and precipitation particles with each other. This development ensures that cloud development, changes of cloud phases and precipitation production are rigorously resolved. This was not only a major improvement to the model, but also very relevant and necessary in the research of aerosol-cloud interactions. Following the introduction of the emulated bin-microphysics approach to the coagulation processes, there was need to incorporate ice morphology into the model in order to allow accurate treatment of the collision and sticking efficiencies during particle interactions, taking into account their dependence on temperature and sizes.
A number of researchers e.g. Clark (1974) ; Walko et al. (1995) ; Mitchell and Arnott (1994) have shown that a gamma distribution is a more appropriate representation of the size distribution of hydro-meteors. Hence, in this version of the model, a gamma distribution has been used for all precipitation hydro-meteors replacing the old exponential one (Kessler 1969) , which was implemented in the previous versions of the model. A common approach of fixing the intercept parameters for the size distribution was avoided here by introducing either temperature or mixing ratio dependent intercept parameters of Reisner et al. (1998) ; Thompson et al. (2004) . This was done because a study by Reisner et al. (1998) showed that fixing the intercept parameters promoted excessive depletion of cloud water.
Since the introduction of an empirical parameterization of heterogeneous ice nucleation by Phillips et al. (2008) , there has been advancement in the knowledge of the chemistry, composition and nucleating abilities of aerosols. Hence, Phillips et al. (2013) took the new available knowledge of ice nuclei and their nucleation abilities into consideration and modified his empirical parameterization. This modified version of the empirical parameterization of heterogeneous nucleation of cloud ice by Phillips et al. (2013) was also incorporated into this version of the model. The most interesting and relevant improvement here is that soluble organics are now allowed to nucleate ice-crystals at appropriate temperatures and supersaturations in line with recent laboratory observations of Murray et al. (2010) .
The structure of this article is as follows. In Section 2, the aerosol-cloud model used in this study is described. The description of the cases simulated, setup and validation of the model will be given in Section 3. The discussion of the model performance and results are given in Section 4. Finally, conclusions and future work will be stated in the last Section, which is Section 5.
Model Description

Overview
The numerical model used here is an aerosol-cloud model coupled to the Weather Research and Forecasting (WRF) model. The original version of this model was described in Phillips et al. (2007 Phillips et al. ( , 2008 Phillips et al. ( , 2009 ; however, it has now been transformed into a hybrid bin/bulk microphysics scheme. Improvements to the heterogeneous ice nucleation scheme described in Phillips et al. (2013) have since been incorporated into this present microphysics scheme. This is a CSRM, which has prognostic variables of a two-moment hybrid bin/bulk microphysics for all cloud liquid and precipitation species. The CSRM is a nonhydrostatic and an an-elastic fluid flow model with periodic boundary conditions and forty vertical levels. In this study, the vertical resolution is approximately 500m, with the model-top set at 20km. The model grids are 2km wide, with the whole domain size being 170km. The integration time step of 10 seconds is being used. Prognostic microphysical variables are written out every five minutes for analysis.
For the cases simulated in this project, a two-dimensional domain is applied. Convection is maintained in a standard way by including additional tendencies of heat and moisture. The tendencies are specified from the derived large scale forcing, observed from a network of soundings used in the respective cases simulated (see section 3.1). These tendencies are added as extra sources to the evolution equations for potential temperature and vapor mixing ratio.
The Microphysics Scheme
The Aerosol Treatment
The aerosol-cloud model has a semi-prognostic aerosol component (Phillips et al. 2009 ) comprising a complement of seven different aerosol species. The insoluble organic aerosol group is split into primary biological aerosols (PBAPs), which may include pollen, bacteria, fungal spores, viruses, plant and animal fragments and non-biological insoluble organics following (Phillips et al. 2013 ). In addition, the larger and smaller modes of the sulphate aerosol group are prognosed independently and treated as two different aerosol species. Furthermore, a fraction of soluble organic aerosols now acts as IN at relevant temperatures (below −65
• C) and supersaturations according to Murray et al. (2010) . This gives an aerosol complement of nine species, each with independent prognostic variables such as mass and number mixing ratios.
These aerosols are classified into two main categories, namely, soluble and solid aerosols. The classification of the chemical composition of the aerosols follows that commonly found in some of the most modern GCM.
• The soluble aerosol species are ammonium sulphate (its bimodal distribution is separated into two independent modes as SO4 1 and SO4 2 ), sea-salt (SS) and soluble organic carbonaceous material (SO).
• The insoluble aerosol group comprises mineral dust/metallic (DM), soot/black carbon (BC), insoluble non-biological organic (O), primary biological aerosol particles (BIO) and finally, there is a fraction of the soluble organic group (SO) that becomes glassy at very cold temperatures (SOLO).
All species can nucleate liquid droplets; however, in the previous version of the hybrid bulk/bin microphysics scheme, solute aerosols could not nucleate ice, but, an exception has now been applied to soluble organics in line with recent laboratory observations of Murray et al. (2010) . In this version, the nonbiological insoluble organics do not nucleate ice heterogeneously, because they are assumed to be highly hydrophobic. (Spracklen et al. 2005; Mann et al. 2010 ) where used instead. These parameters are shown in Table 1 for the cases simulated in this study (TWPICE and CLASIC) and out of the domain; hence, the population of interstitial aerosols in the air is nudged towards observed/initial profiles.
Size Distributions
A Γ-distribution is applied to both precipitating (graupel (g), rain (r) and snow (s)) and size distributions for non-precipitating particles (cloud ice and cloud water) is according to Ferrier (1994) . We use a shape parameter µr of 0 for rain, as in Ferrier (1994), whereas a value of µg = 2 is used for graupel following Thompson et al. (2004) . As for snow, a variable value of µs that is dependent on the mass mixing ratio (q) is based on aircraft observations of Thompson et al. (2004) . These predicted values of µs range from -2 to 3 as prescribed by Thompson et al. (2004) .
For the intercept parameters, the approach of Thompson et al. (2004) is applied for rain and graupel, whereas that of Heymsfield et al. (2002) is used the intercept parameter of snow. The slope parameters (λx) for all the species are chosen such that they are functions of the mass mixing ratios and are predicted using Ferrier (1994) for rain, Thompson et al. (2004) for graupel and snow. 
Nucleation Processes
Initiation of Cloud Droplets
Homogeneous Freezing of Cloud Droplets and Aerosols
Homogeneous freezing of cloud droplets takes place at −36
Preferential freezing is assumed, i.e., larger droplets freeze first depending on supersaturation and ascent velocity according to the parameterization of Phillips et al. (2007) . Consequently, 
(1)
where, f HM is a increasing droplet-size dependent factor, which requires that no splinters be ejected by droplets of sizes less than 16µm and can be represented as:
where, D CW is the cloud droplet diameter, while D min and Dmax are the minimum and maximum thresholds of droplet sizes for the parameterization, which are respectively 16 and 24 µm. The factor T HM is a triangular function of temperature which ensures that the maximum number of H-M splinters are ejected at −5.5
• C per hydrometeor.
Autoconversion Processes
All the auto-conversion processes, e.g. of cloud-droplets to rain, cloud-ice to snow and snow to graupel are being treated using a bulk parameterisation approach detailed below.
The Autoconversion of Cloud Droplets to Rain The rate of autoconversion of rain from cloud particles, PRAUT, is treated using the scheme of Khairoutdinov and Kogan (2000) (Eqn. 3).
This is a robust bulk parameterization based on the results of a binresolving model. It depends primarily on predicted cloud droplet number and mass mixing ratios nc and qc, respectively.
The Autoconversion of Cloud Ice to Snow The rate of conversion of cloud ice to snow follows a modified version of
Ferrier (1994)'s parameterization when the slope parameter, λ i , of the ice crystal size distribution exceeds a certain minimum threshold, λ i0 (Eqn. 4).
where
for the shape parameter, µ i and ∆t is the model time-step.
The Autoconversion of Snow to Graupel The autoconversion of snow to graupel (PGAUT) is dependent on the riming rate of cloud liquid onto snow. It is determined by deducting the sum of mass mixing ratios of snow gained by depositional growth (PSDEP) and accretion of cloud ice (PSACI) from the total mass gained by snow through riming (PSACW). Half of this difference becomes the mass of graupel gained through autoconversion (Eqn.
5). This treatment follows the semi-empirical treatment developed
by Swann (1998) and requires the snow content to exceed a critical threshold of 500µg.
Here, PSDEP is determined following the bulk parameterization of Lin et al. (1983) . For the rates of changes of the number mixing ratios from the autoconversion processes, NRAUT, NSAUT and NGAUT, a critical radii of the new seeds of these species are prescribed, which are 50µm for rain 170µm for snow and finally 100µm for graupel.
Coagulation Processes
An emulated bin microphysics approach has been incorporated into the model for the coagulation processes shown in Table 3 below.
A mass grid mx(Dx)(j) of 33 sizebins is populated using Eqn.
6 by prescribing a minimum diameter D min,x (j) at j = 1 for each x = g, i, s, r, l and incrementing the mass from one size-bin to the next using an arbitrary multiplication factor.
Where ρx is the bulk density of the x th species.
The change in mass mixing ratio per unit time,
∆qx,y ∆t of specie
x, collecting specie y can be computed as:
and like-wise, the change in number mixing ratio per unit time,
where, i and j are indices of summation through the N t massgrids, χx,y is the collection kernel for the interacting particles x and y, Nx and Mx are respectively, the number and mass mixing ratios of the interacting species. These changes in mixing ratios per unit time equal the mixing ratio tendencies that are added to the evolution equations of mass and number mixing ratios at every model time step.
Collection Kernels The collection kernel, χx,y, for the interacting particles x and y is propotional to the volume swept by the particles per unit time falling at relative fall velocity, V t = |V t,x,sf c (i) − V t,y,sf c (j)| and is given by:
where, Ec,x,y, is the collision efficiency of collisions between particles x and y, values of which are interpolated from the Explicit Microphysics Model (EMM) results of Phillips et al.
(2005). Es,x,y is the sticking efficiency between collisions of particles x and y. The geometric cross sectional area, Axy, is given by:
V t,x,sf c is the terminal velocity of the hydrometeor of diameter, Dx,y, evaluated at the surface using an expression of the form of Eqn. 11, where the coefficients are as given in Heymsfield et al. (2007a) .
The last term on the right in Eqn. 9, with surface air density, ρ sf c , and air density, ρa, at a given model level is the altitude correction factor for the terminal velocity.
Sticking Efficiencies The sticking efficiencies, Es,x,y (Eqn. 12)
for the collisions between the solid particles are computed using a new empirical parameterisation developed by Phillips et al. (2015) using a long history of laboratory observations available in the literature. In Phillips et al. (2015) , Es,x,y is given by:
Es,x,y = exp
where, β(T ) is a temperature-dependent thermal smoothness coefficient that caters for the surface texture of the particles. Kc is the collision kinetic energy of the colliding particles and is proportional to the energy required to separate the particles after impact, while α is the surface area of the smaller particle involved in the collisions. Wet-growth of graupel is also being treated in this aerosol-cloud model, hence in the case of wet-growth of graupel, a sticking efficiency of unit is assumed for collisions between graupel and other solid hydrometers following Musil (1970) . For collisions involving cloud liquid and rain, a sticking efficiency of unity is also imposed.
Turbulence Enhancement Enhancement of accretion by turbulence is also treated in this hybrid bin/bulk aerosol-cloud model. This is done by a simplified version of the turbulence enhancement scheme developed for the Hebrew University cloud model by Benmoshe and Khain (2014) . The difference between our approach and that of Benmoshe and Khain (2014) is that we do not explicitly calculate the turbulent kinetic energy, which is used to determine the dissipation rate, but we empirically parameterize the dissipation rate using the data of MacPherson and Isaac (1977) . The parameterization of dissipation rate, ǫ that we use is a function of vertical velocity, w and is given by:
This is the turbulence enhancement factor that is applied to all collisions in mixed-phase clouds.
Melting
Melting of ice is based on Eqns. 16-80 of Pruppacher and Klett (2010) and in this approach, processes for all solid hydrometeors are treated explicitly in the model. The tendencies of mass and number mixing ratios, PXMLT and NXMLT (for X = G or S or I) from the melting process are treated as sources of both number and mass mixing ratios for rain.
Sedimentation of Hydrometeors
A bulk microphysics approach is still being used for evaluating the fall velocities of the hydrometeors following the approach of Ferrier (1994) . A number weighted fall velocity is used for the sedimentation of the number mixing ratios and a mass weighted fall velocity is used for the fall velocity of the mass mixing ratios.
Model Comparisons to Observations
To ensure the model is in agreement with observations, we compare results from our model simulations to two cases of observations. We compare to ARM data from aircraft, satellite and ground-based observing platforms for the continental case The flight patterns for the high altitudes flights were aimed at sampling the microphysical and aerosol properties of the cirrus clouds; hence, the flight patterns were designed to sample both the fresh anvil outflow and also the aged cirrus. As for the low level flights, the flight patterns were designed to sample the boundary structure.
Meteorological Conditions During the active monsoon period, there was a persistence of cirrus overcast conditions over the whole domain and a prevalence of organized deep convection with cloud-tops reaching as high as the tropopause, hence the fresh anvil outflow with aged cirrus (May et al. 2008 ). The airflow during this period was westerly from the surface up to 300mb (Allen et al. 2008 ). This weather pattern persisted from the 17th to the 22nd of January. From the 23rd, the monsoon was suppressed and this persisted until the 2nd of February and, was characterized by a deep inland low that drove stable westerly airflow into the domain. Although a quasi-static mesoscale convective system (MCS) developed during this period, convection was suppressed and the cloud-tops during this period rarely exceeded the 10km altitude (May et al. 2008; Allen et al. 2008) . From the 3rd
of February, an easterly airflow at 700mb developed and was followed by three days of clear skies. In the days following the clear skies, scattered convection prevailed, which developed into a more organized multi-cellular system during the later stages of the monsoon break period (May et al. 2008 ).
The Cloud and Land Surface Interaction Campaign (CLASIC)
The Cloud and LAnd-Surface Interaction Campaign (CLASIC) (Miller 2007 
The Model Setup
In addition to general specifications of the model given in Sect. It was maintained by including additional tendencies of heat and moisture due to the observed large-scale advection from a network of soundings in the simulated cases.
Aerosol profiles were prescribed for the whole model domain using aircraft observations for the simulated cases. In the instances of lack of observations, data from other similar campaigns in similar regions that were conducted concurrently with the campaign were used. Further details for each campaign are outlined below.
The Tropical Maritime Case -TWPICE
A quasi-maritime and quasi-land initialization was applied to lower troposphere for aerosol physico-chemical properties and measured sulphate, sea-salt and organic aerosols. We assumed primary biological aerosol particles (PBAPs) to be 50% of the measured insoluble organics (Pruppacher and Klett 1997) .
Black carbon (soot) and dust were not measured during the campaign; hence, we used outputs from a global tracer model, the global model of aerosol processes (GLOMAP). At higher altitudes where in-situ measurements were not taken, the aerosols were extrapolated as homogeneously mixed and equal to the concentrations at the highest altitude taken. This is similar to how other researchers (Fridlind et al. 2009; Morrison and Grabowski 2011) have treated the problem. A lognormal distribution ( Fig.   2 ) with distribution parameters similar to those prescribed by Fridlind et al. (2009) 
The Mid-Latitude Continental Case -CLASIC
As for the CLASIC case, continental specifications were imposed and a Γ-distribution was also assumed for the aerosols. The aerosol data were acquired from the CHAPS campaign (Berg et al. 2009 ), a sister campaign of CLASIC that was conducted concurrently with CLASIC. The focus of CHAPS was to obtain detailed physical, chemical and radiative properties of CCN and aerosols in general from urban pollution and contrast with their the 9km altitude in TWPICE, no cloud droplets would be expected in this CIP data. There is an issue of ice shattering that tends to inflate crystal number concentrations and could be acting in these observations so to address this, the CIP data was corrected for ice shattering by imposing cut-off sizes of 100µm in the observed data. Hence, both the predicted and observed concentrations in Observational data for ice crystal number concentrations are limited for CLASIC (Fig. 4) . This is because most of the flights during the campaign traversed only the lower troposphere, where water clouds were prevalent. However, we find the order of magnitudes of the predicted ice number concentrations are in good agreement with those found by other researchers (Mitchell 1994; Kajikawa and Heymsfield 1989) in their modeling and observational studies.
The higher ice number concentrations in CLASIC relative to TWPICE are expected for ocean and land conditions. There were higher aerosol number concentrations in the continental CLASIC than in the maritime TWPICE. The CLASIC aerosol scenario was very polluted as it was conducted near and downwind of urban areas in Oklahoma.
A peak in ice number concentration (due to homogeneous freezing of cloud droplets and aerosols) is seen in both simulations, although it is more distinct in CLASIC than in TWPICE. This is mainly because homogeneous freezing is more favorable in continental than in maritime clouds because of the smaller sizes of cloud particles that characterize continental clouds relative to maritime clouds. Smaller sizes of cloud particles delay the onset of rain; hence, clouds have a higher chance of growing deeper to reach the homogeneous freezing levels.
Cloud Droplet Number Concentrations
By referring to both Figs that level, so does the droplet number concentration (Rogers and Yau 1991) . The other explanation is the onset of collision and coalescence aloft, which depletes cloud number through rain production. Finally, because of preferential sedimentation of larger cloud droplets that peak can also not be averted.
Mean Radius of Ice Crystals
The mean sizes of cloud ice are important in assessing the radiative properties of clouds, for instance in the determination of the extinction coefficient (Mitchell 1994) , which is a measure of how strongly a substance attenuates the radiative fluxes. 
Macrophysical Properties and Radiation Statistics
Precipitation
Figures 12 and 13 show area averaged cumulative precipitation that is unconditionally averaged over the whole domain of the study and over the whole simulation period for both TWPICE and CLASIC, respectively. A 'near-perfect' agreement between model predictions and observations is predicted in both simulations particularly for TWPICE. Table 2 shows the radiation statistics for the upward and downward components of radiation measured at the top of the atmosphere (TOA) and at the surface for both TWPICE and CLASIC. The observations statistics were downloaded from the ARM's website (www.arm.com), where they are available freely for both cases. The highest percentage bias of 33.75% for the upward component of SW radiation at the top of the atmosphere for TWPICE was attributed to the fact that the model predicted higher middle level cloudiness than observations (Fig. 14) , this would imply a higher optical depth and, hence, higher reflectivity in the SW range by clouds. Still on the same campaign, the negative bias of -5.56% in the downward component of the long-wave radiation at the surface was also attributed to the higher reflectivity of long-wave radiation in the model by clouds, since the the model predicted more middle level clouds. This negative bias was also augmented by the strong temperature dependence of the emitted radiative flux (Stefan-Boltzmann law). Fig. 15 and 16 show that the model is generally colder than observations, implying that the predicted clouds would be colder than the observations; hence, long-wave radiation emitted downwards by the predicted clouds was lower than the observed. For CLASIC, it is not immediately explainable from the available analysis why a higher positive bias of 17% is available for the downward component of short-wave radiation at the surface, but, parsimonious evidence available in Fig. 17 suggests that on average, the model predicted slightly less cloudiness than observations, and thus, more insolation was transmitted to the surface and also, the model systematically predicted less LWC than observations, hence, the optical thicknesses of clouds predicted in the model were less than those of observed clouds. 
Radiation Statistics
Conclusions
